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Qutline

® |ceCube has found an unusual neutrino signal.

® Doesn’t fit generic astrophysical predictions.

® Very high energies and long baselines:
® (Can teach us about BSM neutrino interactions.

® Present data can be accommodated if neutrinos couple to a
new light force carrier.

® This same mediator may be responsible for the
anomalies in the small-scale structure of dark
matter, e.g. ‘missing satellites” & “cusp vs. problem.”



The lceCube Detector
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> —(ceCube 15b="

Stations, each with

2 IceTop Cherenkov detector tanks
2 optical sensors per tank
324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string

5160 optical sensors

December, 2010: Project completed, 86 strings

1450 m

L — e s tocube Need large volumes since:
DeepCore

/e strings-spacing optimized for lower energies
- 3

s ) these are rare events
Eiffel Tower X
4 i 1) they are also large events

2450 m
2820 m




Just when IceCube was getting
really good at placing limits...



PRL 111, 021103 (2013)

PHYSICAL REVIEW LETTERS

week ending
12 JULY 2013

First Observation of PeV-Energy Neutrinos with IceCube

Event 1

Event 2:

date (GMT)
Number of Photoelectrons
number of recorded DOMs
reconstructed energy &_
reconstructed z vertex

7.0 x 10*

August 8, 2011 January 3, 2012 ;
9.6 x 10*,

e — .354 .
1.04+-0.16 PeV 1.14+-0.17 PeV _

24.0 m

Error on vertex position: ~ 5m

Glven names befitting this monumental discovery:

1.04£0.16 PeV

[slide courtesy of N.Whitehorn]
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¢ |ceCube has revealed
much more: 35 more

New Results

*First indication of a new
astrophysical source.

events (30 - 2000 TeV)

for combined significance
5.7 0 above background.

1405.5303]

eDistribution consistent with
extra-galactic source.
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Potential astro sources

e Gamma ray bursts (GRBs)

Fast rotating star goes supernova — shock wave

_|_
shock accelerates protons — P +7 — nm

™ = uy,

,u+%e++ue+vﬂ

Shock acceleration yields:
by x B,

[Waxman, Bahcall, PRL 59, 023002 (1999)]



Potential astro sources

NEUTRINO FLUXES FROM ACTIVE GALAXIES: A MODEL-INDEPENDENT ESTIMATE

e Active galactic nuclei (AGNs) RN e

AND

E. Zas
Departamento de Fisica de Particulas, Universidad de Santiago, E-15706 Santiago, Spain
Received 1997 March 21 ; accepted 1997 June 5

eSimilar, but can accelerate ABSTRACT

There are tantalizing hints that jets, powered by supermassive black holes at the center of active gal-

° axies, are true cosmic proton accelerators. They produce photons of TeV energy, possibly higher, and

P roto n S to eve n h I gh e r may be the enigmatic source of the highest energy cosmic rays. Photoproduction of neutral pions by
accelerated protons on UV light may be the source of the highest energy photons in which most of the

bolometric luminosity of some galaxies is emitted. The case that proton beams power active galaxies is,

M M however, far from conclusive. Neutrinos from the decay of charged pions represent an incontrovertible

en e rgl es an d Ph Oto— P I O n signature for the proton-induced cascades. We show that their flux can be estimated by model-
’ independent methods, based on dimensional analysis and textbook particle physics. Our calculations

also demonstrate why different models for the proton blazar yield very similar results for the neutrino

flux that are consistent with the ones obtained here. As regards astrophysics, they illustrate that proton

/
P ro d u C e V S ° beams are required to generate TeV photons without fine-tuning.
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Standard picture
(pre-lceCube data)

Source: Detection:
e.g. GRBs/ '
AGNs SM charged-

current and
neutral-current
tO see events.



New picture =???

r : . 4 .
Soy ce Propagation: Detection:
decaymg} PeV heavy

DM:! 20? leptoquarks?
[Feldstein, Kusenko, Matsumoto, o
Yanagida, 201 3] Minimal [Barger, Keung, 2013]
[Esmaili, Serpico, 2013] Im p|ementati0n

|

Only modify V interactions



An old idea...

PHYSICAL REVIEW D

PARTICLES AND FIELDS

THIRD SERIES, VOLUME 36, NUMBER 10 15 NOVEMBER 1987

Supernova 1987A and the secret interactions of neutrinos

Edward W. Kolb
Osservatorio Astronomico di Roma, via del Parco Mellini 84, 00136 Rome, Italy
and NASA/Fermilab Astrophysics Center, Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, Illinois 60510
and Department of Astronomy and Astrophysics, The University of Chicago, Chicago, Illinois 60637

Michael S. Turner
NASA/Fermilab Astrophysics Center, Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, Illinois 60510
and Department of Astronomy and Astrophysics, The University of Chicago, Chicago, Illinois 60637
and Department of Physics and the Envico Fermi Institute, The University of Chicago, Chicago, Hlinois 60637
(Received 13 July 1987)

By using SN1987A as a “source™ of neutrinos with energy ~ 10 MeV we place limits on the
couplings of necutrinos with cosmic background particles. Specifically, we find that the
Majoron~electron-neutrino coupling must be less than about 107 7; if neutrinos couple to a mass-
less vector particle, its dimensionless coupling must be less than about 10~ 7% and if neutrinos cou-
ple with strength g to a massive boson of mass M, then g /M must be less than 12 MeV ',




Back of the envelope

Perhaps some neutrinos were lost en route.

For significant scattering to occur:

1 ;
AR < source distance ~ Gpc

O-I/I/nl/

Neutrino relic density is huge:

ny, ~300 cn T @£ L AN 3
for a 100 GeV WIMP

— 0., o 10 .

Y

SM is not enough: ;)" ~ EZGE ~ = « cm”



MeV-scale resonance

Use PeV neutrinos to produce new states:

QW}VEV = mi

Unknown, though m, S 0.5 eV

As an example, take m, ~ \/Am% ~ 50 meV




Known unknowns

Only know two mass splittings...

T
LR

3

3

ATn’atm 2 i

| s
Amatm‘

Am?
] — ¢ G

lightest neutrino mass (eV) lightest neutrino mass (eV)




Scattering on a thermal

backeround
*The thermal neutrino relilc/gbackground
has a temperature: 7, = (11‘1) T, ~0.2 meV

*The lightest nu can easily be relativistic,
leading to thermally broadened resonance.

10'25

Non-relativistic: o |
s~2E,m, 12

21072 }
E

10»33 X

Relativistic: .|

10%°

s~ 2F, (\/pg + m?2 — p, COS 9) 107"

10737 +

m, =0.1 meV
m, =8.7 meV |
m,, =49.0 meV |

10-38 1 L 1 1 1
10° 10* 10° 10° 10’ 108 10° 10 10* 10%* 10%°



Constraints BSM neutrino
Interactions

® Supernovae (1987A): [Kolb & Turner (1987)]

No scattering between e 2( Mg )
here and the LMC MeV
®Rare decays

[Laha, Dasgupta, Beacom (2013)]

Dont modify Z/meson

decays. > Easily satisfied for SM
sterile neutrinos.

®BBN/CMB Nt

Model dependent.



A RH neutrino portal

New sterile sector,
charged under a U(1)

mass-mixing

Effectively endows
neutrinos with new BSM|
interactions: 9» ~ 95 9x |

——m— === = __

SM mass mixing

(i

[For similar work, see e.g. Nelson, Walsh; Pospelov;
Kopp, Harnik, Machado; Pospelov, Pradler]



Suppressing Sterile Production

* No active-to-sterile oscillation Dasgupta, Kopp [2013]
Wheﬂ -there |S 3 |ar~ge matter Hannestad, Hansen, and Tram [2013]
potential: T . S A
102}
sin2 20, — sin? 20 : 100:
(cos 200 + g—frszeff) + sin? 26, 102

Neutrino potential |Veg| [€V]

- 7 :‘\ ’ )[,- N - N\
Q7b phase transition N Y
" \
Jd | N | | o | N A

1074 )1
B
106 /& g
¢ N ' ]
¢ /" ok
-84 7 /e S =
10 of SN B
i VAR 3
10-10 [l Z
103 104 10° 106

10°



P, (GeV/cm_2 s lgrt )

2
v

Propagation results

Absorption: Vava = ¢ — Usvs

me — 10 MeV

10 High energy v spectra, lightest m, =0.01 mev

non-relativistic 1/

_ relativistic I/
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Events

Event spectra

lceCube detector mock-up: include energy/
flavor dependent exposures.

o> High energy v events, lightest m, =0.01 meV Very High energy v events, lightest m , =0.01 meV
www  Absorbed GRB + AGN + Bkg s |
— GRB + AGN + Bkg 1 e
w |ceCube Atm Bkg 10 |
www |ceCube Flat Spectrum + Bkg
- Absorbed Flat Spectrum + Bkg
10° —r— A 4 IceCube data
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log(E,/GeV) log(E,/GeV)

Future data will tell If the gap and the
cutoff are real.




Dark Matter
Connections ;. xxs,

Is collisionless dark matter in
trouble?
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Problem |: Cusps versus Cores

[J. van Eymeren, C.Trachternach, B. S.
Koribalski, R.-J. Dettmar (2009)]

Observations of
dwarf galaxies have
favored core-like
density profiles.

N-body

simulations of cold
DM predict more
cuspy profiles.



Problem 2: Missing Satellites

Cold Dark Matter Simulated Galactic Hal
N-bOd)’ simulations [Vlimalélte% IIeProject]a ac C alo

predict many more
satellites than
observed.

-Could be
undiscovered due to
faintness or limited sky
coverage.

-No baryons in this
simulation. Processes
like SN can reduce
star formation.




SIDM Turns Cusps into Cores

X Vir) = 4 XX
0, r Loeb, Weiner (2010)
------ dwarﬁ : Dwarf Milky Way C{uster .
v ~ 10 km /s o '

v SIDM gives efficient exchange of energy between
hotter/outer region to the cold/inner region.

<o V[ <o Vi,

1 10 100 1000

v [kms™']
Cluster: Tulin, Yu, Zurek (2013)
X BU”GT. ClUS‘tGI" U~ 103 km/S 108 prulsivefor'ce(ax=10-l2)

1000
100} ¢

10}

my (GeV)

For 100 GeV DM, a ~ |0 MeV mediator gives Iy
strong velocity-dependent scattering.




set by epoch of chemical

Relic abundance

Suppressing small-scale structure

[L. Aarssen, T. Bringmann, C. Pfrommer, PRL 109 231301 (2012)]

Smallest DM protohalos

decoupling:
XX & ff

set by epoch of kinetic
decoupling:
X+ Xf

Mhpa1o = max (Mpgs, Mk p)
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_ate kinetic decoupling
requires large gxg.



Solving the problems of CDM

[L. Aarssen, T. Bringmann, C. Pfrommer, PRL 109 231301 (2012)]

van den Aarssen, Bringmann & Pfrommer (2012)
- = T B )| T T T l -

not ‘éh»bugh' ﬂ'aﬁéhiﬁé —
of cuspy profiles 8

- —  my=10TeV
m, = 500 GeV

| cutoff too small to

1Laddress abundance -~ 1
S >
O problem - ()
= 05 g 2 05
E> E> ruled out by

astrophysics

- excluded 0.1F e /1y [T ']
B T T = 10-2 10~ 0.05— vma’;[kms ] 10
9y m, [TeV]
DM-neutrino interactions A la Loeb/Weiner, DM self-

decouple late, and disallow for scattering is large in dwarfs but
very small subhalos to form. small on larger scales.



The “solve everythlng plot

Dwarf scales: |
0.1 cm?/g < o/m < 10 cm?/g |

Media‘tor‘ mass and Coup“ng Galactlc/clust2:er scales:
. o/m<lcm’fg |

to neutrinos chosen to fit —————— |

| symmetric relic from
lceCube. XX — ¢¢ I

m, =10 MeV, g, =0. 07

Preference for larger — e = e o — ,
than WIMP cross | it R R
sections. N | s s

; DM Self Interaction
,é; 10° Bl Bullet Cluster Constraint
~ B DM-v Interaction

Set abundance by an ¢ _ 18 Thermal WP

asymmetry. o N
10° 10" | . 10"
Only repulsive DM-DM o
Interactions.

[Cherry, Friedland, IMS, in preparation]



® Cou
neut

Summary

® [ceCube has found a new neutrino source with
an unusual spectrum.

d be orc

rino self-

inary astrophysics with novel
nteractions.

® (aps and a cutoff are generic In this model.

® Potentially yield new probe of neutrino mass
scale/hierarchy.

® | he same mediator can alleviate small-scale

structure prob

ems of CDM.




“This could be the
discovery of the century.
Depending, of course, on

how far down 1t goes.”



